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Yttrium iron garnet (YIG) is a prototypical material in spintronics due to its exceptional magnetic properties.
To exploit these properties, high quality thin films need to be manufactured. Deposition techniques like sputter
deposition or pulsed laser deposition at ambient temperature produce amorphous films, which need a postan-
nealing step to induce crystallization. However, not much is known about the exact dynamics of the formation
of crystalline YIG out of the amorphous phase. Here, we conduct extensive time and temperature series to study
the crystallization behavior of YIG on various substrates and extract the crystallization velocities as well as
the activation energies needed to promote crystallization. We find that the type of crystallization as well as the
crystallization velocity depend on the lattice mismatch to the substrate. We compare the crystallization param-
eters found in literature with our results and find excellent agreement with our model. Our results allow us to
determine the time needed for the formation of a fully crystalline film of arbitrary thickness for any temperature.
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I. INTRODUCTION

Yttrium iron garnet (Y3Fe5O12, YIG) is an electrically
insulating ferrimagnet, crystallizing in a cubic crystal lattice
with Ia3̄d symmetry [1,2]. Its electric and magnetic proper-
ties include a long spin diffusion length, which makes YIG
an ideal material for spin-transport experiments with pure
spin currents [3–5]. Additionally, YIG shows an exceptionally
low Gilbert damping and a low coercive field, which allows
investigations of magnon dynamics via, e.g., ferromagnetic
resonance experiments [6–10]. These exceptional properties
caused YIG to be intensively studied and made it the pro-
totypical material in the field of spintronics, which almost
exclusively relies on devices in thin film geometry.

Several deposition techniques are known to produce high
quality YIG thin films, including pulsed laser deposition
(PLD) [11–18], liquid phase epitaxy (LPE) [10,19–23], and
radio-frequency (rf) magnetron sputtering [24–41]. Some
deposition techniques like magnetron sputtering give the op-
portunity to deposit both amorphous and crystalline thin
films, depending on the process temperatures during depo-
sition [25,42]. Here, room-temperature magnetron sputtering
processes yield amorphous films [24–42]. For the deposition
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of YIG onto gadolinium gallium garnet (Gd3Ga5O12,
GGG) substrates, which feature a lattice constant very
similar to the one of YIG, direct epitaxial growth was ob-
served for process temperatures of 700 ◦C [25,42]. On quartz,
a postannealing step is needed to enable the formation of
polycrystalline YIG [43].

The annealing process is usually performed in air [26,36]
or a reduced oxygen atmosphere [28,40,44,45] to counteract
potential oxygen vacancies in the YIG lattice. For amorphous
PLD films, annealing in inert argon atmosphere has been
reported to have no deteriorating influence [15]. Annealing
crystalline, sputtered YIG films in vacuum, however, showed
a reduction in typical characteristic properties like the spin
Hall magnetoresistance in YIG/Pt [44].

Furthermore, the annealing process itself can lead to an in-
terdiffusion at the substrate interface [36,46], often leading to
the formation of a magnetic dead layer [23,36,46] as well as an
increase of the ferromagnetic resonance linewidth, especially
at low temperatures [13,47]. On the one hand, YIG grown
on GGG by LPE requires no postannealing, which allows for
the suppression of the gadolinium interdiffusion, leading to
an extremely sharp interface [23]. On the other hand, scaling
the LPE process is not straightforward. Sputter deposition
[31] or solution-based methods [45,48] allow for wafer scale
processes, but the mandatory postannealing step should be
optimized to allow fast processing, which then could simulta-
neously reduce the interdiffusion of yttrium and gadolinium.
To achieve this, the annealing time required to yield fully
crystalline YIG films needs to be kept as low as possible.

However, the dynamics describing the crystallization of
YIG thin films during the postannealing step are only
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selectively reported in the literature. Typically, only the
temperature and a time proven to yield a completely crys-
talline thin film with the desired properties have been reported.

Here, we present an extended picture of the crystalliza-
tion dynamics of YIG at different temperatures and annealing
times, which allows us to define different crystallization win-
dows depending on the substrate material. Our results provide
a general crystallographic description of the crystallization
process for YIG thin films and summarize the crystallization
parameters found in the literature.

II. METHODS

Ahead of the deposition, all substrates were cleaned for
five minutes in aceton and isopropanol, and one minute in
deionized water in an ultrasonic bath. YIG thin films were
then deposited at room temperature onto different substrate
materials using rf sputtering from a YIG sinter target at
2.7 × 10−3, mbar argon pressure and 80 W power, at a rate
of 0.0135 nm/s. The nominal thickness upon deposition was
33 nm. The postannealing steps were carried out in a tube zone
furnace under air.

As substrates, yttrium aluminum garnet (Y3Al5O12, YAG,
CrysTec) and GGG (SurfaceNet) with a 〈111〉 crystal orienta-
tion along the surface normal were used. Additionally, silicon
wafers cut along the 〈100〉 crystal direction with a 500 nm–
thick thermal oxide layer (Si/SiOx, MicroChemicals) were
used. Since GGG and YAG crystallize in the same space group
Ia3̄d as YIG and their lattice parameters are 1.2376 nm [49]
and 1.2009 nm [49], respectively, they are considered lattice
matched with respect to the 1.2380 nm for YIG [49]. The
lattice mismatch ε can be calculated with Eq. (1),

ε = aYIG − asubstr.

asubstr.
· 100%, (1)

and translates to 0.03 % for GGG and 3.09 % for YAG [50].
Due to the amorphous SiOx layer, the Si/SiOx substrates do
not provide any preferential direction for crystallization. But
even considering the underlying Si layer, we do not expect it
to influence the crystallization direction in any way, as it fea-
tures a fundamentally different space group (Fd3̄m) and lattice
constant [49]. Therefore, Si/SiOx is considered non-lattice-
matched and fulfills the function as an arbitrary substrate.

For the structural characterization x-ray diffraction mea-
surements (XRD) were performed using a Rigaku Smart Lab
Diffractometer with Cu Kα radiation. Scanning electron mi-
croscopy as well as electron backscatter diffraction (EBSD)
measurements were conducted using a Zeiss Gemini scanning
electron microscope (SEM). The magnetic properties were
characterized via magneto-optical Kerr effect measurements
in longitudinal geometry (L-MOKE) in a commercial Kerr
microscope from Evico Magnetics.

III. RESULTS AND DISCUSSION

The crystallization mechanism of a thin film crucially de-
pends on the substrate: for substrates where the lattices of
film and substrate are sufficiently similar, the thin film layer
crystallizes epitaxially, whereas for a substrate where the two
lattices do not match, nucleation is needed.

FIG. 1. Expected crystallization of an amorphous, as-deposited
(a.d.) YIG thin film on lattice matched substrates (a) and non-lattice-
matched substrates (b). In the first case of solid phase epitaxy, a
homogeneous crystal front forms at the substrate and propagates
towards the upper thin film border. For the latter, nucleation is nec-
essary and crystallites form in various orientations. This results in a
single crystalline (sc) film for the epitaxy and a polycrystalline (pc)
film when nucleation occurs.

Figure 1 shows the different crystallization mechanisms
and the resulting YIG micro structure depending on the cho-
sen substrate. As depicted in Fig. 1(a), a lattice matched
substrate acts as a seed on which the film can grow epitaxially.
Therefore, a single crystalline front is expected to move from
the substrate towards the upper boundary of the film [51,52],
which is commonly referred to as solid phase epitaxy (SPE)
in the literature. For a substrate with a sufficiently large lattice
mismatch or no crystalline order, no such interface is given,
see Fig. 1(b). Here, a nucleus needs to be formed first from
which further crystallization takes place. The formation of the
initial seeds by nucleation is expected to yield random crystal
orientations. The polycrystalline seeds grow until reaching
another grain or one of the sample’s boundaries. For any of
these processes, SPE or nucleation, to take place, the system
needs to be at a temperature characteristic for this specific thin
film/substrate system [53].

To distinguish between amorphous, partly and fully crys-
talline films we apply several characterization methods,
probing the structural and magnetic properties of the YIG thin
films. The typical fingerprints of amorphous versus crystalline
YIG on different substrates as determined by XRD, the longi-
tudinal magneto-optical Kerr effect (L-MOKE) and EBSD are
depicted in Fig. 2. From top to bottom we gain an increased
spacial resolution, probing increasingly smaller areas of the
sample.

With XRD, the structural properties of YIG on YAG and
GGG can be evaluated. For the amorphous films, the XRD
measurements in Figs. 2(a)–2(c) show a signal stemming only
from the substrate (cf. gray dashed lines). Upon annealing,
YIG is visible in the form of Laue-oscillations on GGG (pur-
ple) and as a peak on YAG (red). In stark contrast to that,
no signal, which could be attributed to YIG, can be found on
SiOx, even when annealing at 800 ◦C for 48 h. The sharp peak
in Fig. 2(c) at 32.96 ◦ can be attributed to a detour excitation of
the substrate, as visible in the as-deposited state, and fits the
forbidden Si (200) peak [54]. In the literature, YIG on SiOx

has been reported to be polycrystalline at lower annealing
temperatures than in the exemplary data shown in Fig. 2(c)
[26,28,43]. These films show peaks in the XRD, however, they
were at least one order of magnitude thicker. We therefore do
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FIG. 2. (a)–(c) XRD analysis of YIG thin films pre- and postannealing on different substrates as given above in the respective columns. The
nominal positions of the substrate and the thin film are marked by the grey and black dashed lines, respectively. The additional peak marked
with Si(200) in (c) is a detour reflex from the substrate. (d)–(f) Background-corrected Kerr microscopy data in L-MOKE configuration for the
same samples before and after the annealing procedure. The change in the measured gray value corresponds to a change in the magnetization
of the sample. The data were acquired from a central spot on the sample. (g)–(i) Crystal orientation of the postannealed YIG thin films normal
to the surface normal as extracted from the Kikuchi-patterns determined by EBSD. The as-deposited films showed no Kikuchi-Patterns and
are therefore not shown here.

not expect the YIG layer on Si/SiOx to be amorphous, which
will be confirmed in the following.

By probing the magnetic properties of the thin films with
L-MOKE [cf. Figs. 2(d)–2(f)], a clear distinction between
amorphous and crystalline YIG can be made. While the film
shows a linear L-MOKE signal in the as-deposited state, it
changes to a hysteresis for all three samples upon annealing.
In general, the sharpest hysteresis is visible for YIG on GGG,
which becomes broader for an increasing structural misfit.
Naïvely polycrystalline samples are expected to consist of
multiple domains pointing towards different directions, which
lead to an increase of the coercive field. This is consistent with
our results and also with the magnetic properties found in lit-
erature [14,28,35,55]. These coercive fields are below 0.1 mT
for YIG on GGG [14,35] and between 2.2-3 mT for YIG

on Si/SiOx [28,55]. The L-MOKE measurements therefore
indicate the spontaneous formation of a phase with magnetic
ordering on all three substrates.

For additional characterization of the magnetic properties
of the films via ferromagnetic resonance and SQUID magne-
tometry please refer to the Supplemental Material [56]. The
corresponding data show the same dependence on the type of
substrate that is also apparent in the L-MOKE measurements.
Once the YIG is fully crystallized, however, we do not find a
dependence of the magnetic parameters of our thin films on
the annealing parameters.

While L-MOKE correlates the magnetic properties with
amorphous and crystalline films, it lacks the ability to
quantify the amount of crystalline YIG. The hysteretic re-
sponse for the annealed YIG on SiOx strongly supports the
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formation of crystalline YIG, however, we cannot correlate
this to a percentage of crystalline material. Therefore, a struc-
tural characterization with higher spacial resolution than XRD
is needed.

To that end, EBSD measurements were performed. With
this technique, Kikuchi patterns, which are correlated to the
crystal structure, are detected and later evaluated. The results
are shown for crystalline samples only, as the amorphous film
showed no Kikuchi patterns. This confirms that the detected
patterns stem from the YIG thin film itself and not from the
crystallographically similar substrates of YAG or GGG. This
is consistent with the EBSD signal depth given in the literature
of 10 to 40 nm [57]. The extracted crystal orientations along
the surface normal can be seen in Figs. 2(g)–2(i). On YAG
and GGG, a single color corresponding to the 〈111〉 direction
is visible in the mapping, which is consistent with the XRD
data and corroborates SPE from the substrate in the 〈111〉
direction. On SiOx, however, various crystal directions are
present, confirming the polycrystalline nature of the YIG. The
crystallographic data from our EBSD measurements show
random nucleation. The cross shape of the individual crys-
talline areas point towards an anisotropic crystallization with a
preferential direction along 〈110〉 or higher indexed directions
like 〈112〉, which is consistent with earlier studies on YIG
and other rare-earth garnets [24,58–60] as well as PLD-grown
bismuth iron garnet [11].

The use of EBSD enables the quantification of the amount
of crystalline material in a YIG thin film on SiOx or any
arbitrary substrate. Combining the magnetic and structural
data from L-MOKE and EBSD, respectively, allows for an
unambiguous identification of the formation of polycrystalline
YIG on SiOx. We presume that the absence of any XRD peaks
in the symmetric θ − 2θ scan results from the small volume
of the individual crystallites of YIG on SiOx [34,37,48]. We
approximate the volume of a single polycrystalline grain, i.e.,
one cross from the EBSD data [cf. Fig. 2(i)] to be 0.5 µm3,
stemming from an area of about 15 µm and a film thickness of
32 nm. This is also the size of individually contributing grains
to the diffraction within the XRD. Assuming a single crys-
talline thin film, where the whole irradiated area contributes
additively, the contributing area amounts to 7 × 105µm3,
which is six orders of magnitude larger than that of an in-
dividual grain. Therefore, the contributions of the individual
grains of the YIG layer on SiOx to the XRD intensity are too
small to result in a finite peak for a 30-nm-thick film.

These results provide the basis for the investigation of the
crystallization behavior and reveal how different techniques
enable us to distinguish between amorphous, partly, and fully
crystalline films. We utilize the structural information to ana-
lyze the crystallization dynamics on the different substrates.

The percentage of crystalline YIG was quantified differ-
ently for the three different substrates. For YIG on YAG,
the amount of crystalline YIG correlates to the intensity of
the Bragg peak. A certain film thickness corresponds to a
maximum area under the peak, to which the intensity is
normalized. For YIG on GGG, the percentage of crystalline
YIG is extracted from the Laue oscillations [cf. Fig. 2(a)].
The frequency of the oscillation corresponds to the number
of interfering lattice planes, enabling the calculation of the
thickness of the crystalline layer. Using x-ray reflectivity, the

FIG. 3. Evolution of the crystallinity as a function of the anneal-
ing temperature for a constant annealing time of 4 h (a), (c), (e) and
for different times at a constant temperature of 600 ◦C on GGG, YAG
(b), (d) or 800 ◦C on SiOx (f). The dotted lines act as a guide to the
eye.

absolute film thickness was measured for each film. For these
measurements and evaluation, please refer to the Supplemen-
tal Material [56]. Comparing the thickness of the crystalline
layer with the film thickness then enables us to monitor the
crystallization of YIG on GGG. For the non-lattice-matched
substrates, EBSD mappings were taken to extract the amount
of crystalline YIG. Further evaluation of partly crystalline
YIG on SiOx can be found in the Supplemental Material [56].
For each of the YIG thin films, a percentage of crystalline YIG
at a given time and temperature is extracted, which allows
an evaluation of the crystallization process for this specific
temperature.

First, we find the onset temperature for the crystallization
of YIG on each substrate. As crystallization is thermally acti-
vated, it depends exponentially on the annealing temperature
[61], which leads to a very narrow temperature window of
incomplete crystallization. To extract this window, multiple
samples were annealed for 4 h at different temperatures. Fig-
ure 3 shows the results for YIG on GGG (a), YIG on YAG (c),
and YIG on SiOx (e). At substrate-dependent temperatures of
550 ◦C, 575 ◦C, and 700 ◦C for YIG on GGG (a), YAG (c),
and SiOx (e), respectively, a steep increase in the crystallinity
can be seen. Towards higher temperatures, the extracted value
stays the same or is only slightly reduced, which suggests
that the YIG film is fully crystallized and no further changes
are expected. A crystalline YIG film on YAG and GGG can
therefore be obtained at a temperature range around 600 ◦C,
whereas on SiOx, temperatures of approximately 700 ◦C are
necessary.

For our samples, the heating up and cooling down is
included in the annealing time. An in-situ study on a
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representative sample with dYIG = 100 nm yielded data in
good agreement with the crystallization behavior in the one
zone furnace. It should be noted that the use of different
equipment led to a small variation in the absolute temperature,
see Supplemental Material [56].

The lower extracted crystallinities for YIG on YAG and
GGG at 800 ◦C and above [cf. Figs. 3(a) and 3(c)] hint towards
the occurrence of competing crystallization processes. We at-
tribute the reduction in crystallinity at annealing temperatures
above 800 ◦C to additional formation of polycrystals enabled
by the elevated temperatures, which competes with the SPE
and by that reduces the crystal quality of the thin film. Ana-
lyzing the rocking curves of these samples (see Supplemental
Material) confirms an increased full width at half maximum
value at higher temperatures [56]. This can be correlated with
a lower crystal quality, which supports an additional crystal-
lization process.

To study the crystallization dynamics, the time evolution
of the normalized crystallinity for a given temperature is
evaluated, shown in Fig. 3 for YIG on GGG(b), YAG(d), and
SiOx(f). Here, a sample was subjected to the same temperature
for multiple repeats until the extracted value and therewith the
crystalline amount did saturate. This saturation can be seen
on all substrates and represents a fully crystallized thin film,
where no further changes are expected.

To describe the crystallization at an arbitrary temper-
ature, we find a general crystallographic description for
each of the substrates. A phase transition in a solid, like
crystallization, can generally be described by the Avrami
equation [61–64],

θc = 1 − e−k·t n
, (2)

where θc is the crystallinity normalized to one, with respect
to a complete crystallization, k the rate constant, and t the
annealing time. The exponent n is often referred to as the
Avrami exponent and describes how the crystallization takes
place [63]. It can take values between 1 and 4, where one
contribution stems from the nucleation and takes values of 0
for controlled and 1 for random nucleation, while the other
contributions originate from the type of crystallization in the
three spacial directions.

For the rate constant k, we use an exponential Arrhenius
dependency [51,65],

k = k0 · e
−EA
kB ·T , (3)

where both the prefactor k0 and the activation energy EA are
unique for each combination of film and substrate material.

The Avrami equation [cf. Eq. (2)] lets us describe the
crystallization on all three substrates. To that end, we fit
the normalized crystallinity values of YIG with the Avrami
equation [cf. Eq. (2)], where we fix the Avrami exponent n
between 1 and 4 [cf. Figs. 4(a) and 4(b)]. The rate constants
k then describe the crystallization velocities on the respective
substrate in h−1. The crystallization behavior of YIG on GGG
and YAG at an annealing temperature of 600 ◦C is shown in
Fig. 4(a).

On GGG at 600 ◦C [cf. Fig. 4(a)], YIG immediately starts
to crystallize with a rate constant of 1.96 h−1 and an Avrami
exponent of 1. This means that the crystallization takes place

FIG. 4. (a), (b) Time evolution of the YIG crystallization on
the three substrates after normalizing the data with the maximum
value to 1. The dots represent the crystallinity values from XRD
(YAG/GGG) and EBSD (SiOx), while the solid lines show the fit of
the data using Eq. (2). Because of the inherently different crystalliza-
tion processes, the timescales and temperatures differ. Conducting
these time evolutions at different temperatures for each substrate
results in a rate constant k(T ) for this temperature. A logarithmic
representation of the k(T ) values over the inverse temperature is
given by the symbols in (c). For each substrate, a linear expression
was fitted, where the slope represents the activation energy EA and
the intercept of the y axis the prefactor k0 for YIG on each substrate.

without nucleation and in one spacial direction, which is
consistent with the monotonously moving crystallization front
expected for SPE. The rate constant translates to a initial
velocity of 0.98 nm/min for the 30 nm films. Towards longer
annealing times, the curve flattens, meaning that the crys-
talline material reaches the sample’s surface.

The crystallization of YIG on YAG shows an initial time
delay, despite the comparably small lattice mismatch of
3.09 % [cf. Fig. 4(a)]. The fitting of the data at 600 ◦C leads
to a rate constant of 0.10 h−1 with n = 3.8. This means that
the crystallization does not follow typical SPE behavior and
nucleation processes in the thin film cannot be excluded. How-
ever, also for the crystallization on YAG, single crystalline
YIG is obtained [cf. Figs. 2(b) and 2(h)]. This deviation from
YIG on GGG is most likely due to the larger lattice mismatch,
which causes an energetically costly strain in the film [66].
The crystallization velocity along the surface normal direc-
tion is obtained by the nth root out of the rate constant and
translates to 0.27 nm/min.

The crystallization of YIG on SiOx is fundamentally differ-
ent [cf. Fig. 4(b)]. Here, polycrystalline grains were found at
temperatures of 675 ◦C and above. The time evolution of the
crystallinity is depicted in Fig. 4(b), where fitting the data by
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TABLE I. Extracted activation energies EA and pre-factors k0 for
YIG on each substrate.

EA (eV) k0 (1/ h) n

YIG on GGG 3.98 ± 0.32 2.0 · 1023 1
YIG on YAG 15.70 ± 1.59 2.6 · 1089 3.8
YIG on SiOx 16.37 ± 0.85 8.4 · 1080 4

the Avrami equation [Eq. (2)] yields n = 4 and a rate constant
of 9.9 × 10−5 h−1. This confirms our initial hypothesis of
nucleation and subsequent crystallization in three dimensions.
Higher temperatures compared to the garnet substrates are
needed to provide enough energy for nucleation, which causes
the crystallization process to be visible at 675 ◦C and above.

An approximation of the crystallization velocity can be
extracted from the EBSD data. Here, we assume that the
crystallization starts in the middle of a cross shape structure
[cf. Fig. 2(i)] and stops when reaching a boundary given
by neighboring crystallites. The distance covered depends on
the number of nuclei formed and is highly dependent on the
crystallographic direction. To ensure comparability with the
two lattice matched substrates, we consider grains growing in
plane along the 〈111〉 direction. At 700 ◦C, the YIG crystal-
lites on SiOx measured up to 10 µm in length after at least
12 h of annealing. This translates into a propagation velocity
of 16.7 nm/min at 700 ◦C on an arbitrary substrate along the
〈111〉 direction.

To compare the three crystallization velocities, the temper-
ature dependence of the rate constants k needs to be taken into
consideration. Using the Arrhenius equation [Eq. (3)] we are
able to extrapolate the crystallization rate at any temperature.
To that end, the logarithm of each rate constant is plotted over
the inverse temperature. The linear dependency of Eq. (3) in
the logarithmic plot allows us to extract the activation energy
and the pre-factor k0 for YIG on each substrate. The resulting
values are plotted in Table I. While at first glance the crys-
tallization velocity for YIG on SiOx seems faster, the different
annealing temperatures of 600 ◦C for the garnet substrates and
700 ◦C for SiOx need to be taken into account (cf. Fig. 4).
Extrapolating the crystallization velocity for YIG on GGG at
700 ◦C reveals that here YIG would crystallize approximately
30 times faster than on SiOx.

Our activation energy of 3.98 eV for YIG on GGG is in
good agreement with the literature. For the formation of bulk
YIG from oxide powders, a value of 5.08 eV was reported
[67]. Further, for the crystallization of bulk polycrystalline
YAG, which is expected to behave similarly as it has the same
crystal structure, an activation energy of 4.5 eV was found
[68]. The lower value of 3.98 eV for YIG on GGG highlights
the reduced energy needed due to the SPE from the lattice
matched GGG.

The activation energies for YIG on YAG as well as on
SiOx are much higher than the value on GGG. As the gen-
eral crystallization windows and times needed for a fully
crystalline film stay the same, we ascribe this behavior to a
kinetic blocking, originating from the lattice mismatch and
the nucleation. Understanding the exact mechanism, however,
would need further study.

These results allow us to establish a diagram to underline
which annealing parameters will lead to a fully crystalline
YIG thin film on the three substrates [cf. Fig. 5(a)]. For
a mathematical description, we combine the Avrami equa-
tion Eq. (2) with the Arrhenius equation Eq. (3) to be able
to express the crystallinity in terms of annealing time and
temperature:

t =
([

− ln(1 − θc)

k0

]
· e

EA
kBT

) 1
n

. (4)

We use a crystallinity θc of 0.999 to avoid the divergence of
the logarithm and the respective n, k0, and EA found in Table I.

Figure 5(a) outlines the temperature and time combination
where crystalline YIG (shaded areas) can be obtained. Re-
gions where the YIG thin film remains amorphous are left in
white. The boundary between noncrystalline and crystalline
for each substrate is given by Eq. (4). Each of the circles seen
in Fig. 5(a) represents one fully crystalline sample obtained
as described for Fig. 3(b). The filled circles represent fully
crystalline samples, where no time dependence of the crys-
tallinity was measured. As already anticipated, YIG exhibits a
different crystallization behavior depending on the substrate.
Note that the formation of polycrystalline YIG on SiOx or
any arbitrary substrate needs notably higher temperatures than
SPE, where an annealing at 660 ◦C for 100 h would be neces-
sary to result in a fully crystalline film.

The different temperatures and times necessary to induce
crystallization stem from the different types of substrates. For
YIG on GGG and YAG, the seed for the crystallization is
given by the lattice of the substrate. Therefore, we ascribe the
discrepancy between YAG and GGG to the different lattice
mismatches compared to YIG. In the YIG thin films on YAG,
a higher strain is expected to exist in the film, which leads
to the formation of energetically costly dislocations. This,
in turn, results in the slightly higher temperature needed for
YIG to crystallize on YAG. On SiOx, however, a significantly
higher temperature than for the lattice matched substrates is
needed for crystalline YIG to form. Here, as no initial seed
is given by the substrate, nucleation is required, which is a
thermally activated process that needs additional energy, i.e.,
higher temperatures. This random formation of seeds leads to
a polycrystalline YIG thin film on SiOx.

A comparison with the literature shows that parameters
which have been previously reported to result in a fully crys-
talline YIG layer fit into our extracted area [cf. Fig. 5(b)]
[24–33,35–41]. Additionally, to the sputtered films, amor-
phous films obtained from PLD with subsequent annealing
also fit in the observed regions [11–17]. The extracted dia-
gram in Fig. 5 therefore acts as a general description for the
crystallization of YIG thin films out of the amorphous phase.

IV. CONCLUSION

Extensive time and temperature series were used to analyze
the crystallization kinetics of sputtered amorphous YIG thin
films on different substrates. We find the formation of sin-
gle crystalline YIG thin films on garnet substrates where the
crystallization on GGG can be coherently described in a SPE
picture, whereas a more complicated crystallization scheme

043402-6



CRYSTALLIZATION DYNAMICS OF AMORPHOUS YTTRIUM … PHYSICAL REVIEW MATERIALS 8, 043402 (2024)

FIG. 5. (a) Annealing parameters to obtain a fully crystalline YIG film on the respective substrates. We expect every point in the colored
area to yield a fully crystalline sample. We use Eq. (4) with the values obtained in Fig. 4(c) to determine the boundary-separating crystalline
YIG (shaded areas: sc = single crystalline, pc = poly crystalline) from amorphous YIG (white areas). The open circles represent the samples
from Fig. 4(c) which are used for the fit. Further studied, fully crystalline samples are marked by the full circles. There are different regions
where the YIG is fully crystalline depending on the substrate. (b) A comparison of our crystallization diagram with other studies [24–33,35–
41]. Note that, while we here consider only the crystallization of sputtered thin films by postannealing, the crystallization diagram also fits for
comparable samples obtained by PLD (not shown here) [11–17].

is found on YAG. On SiOx a polycrystalline YIG thin film
develops, with slower crystallization dynamics than for the
garnet substrates.

A fully crystalline YIG film on GGG was found for tem-
peratures as low as 537 ◦C and annealing times of 110 h. On
silicon oxide (representing any type of amorphous or non-
lattice-matched substrate), the nucleation of the YIG crystals
is not expected for reasonable timescales below 660 ◦C. The
results summarized in Table I allow for the determination of
the crystallization velocity of YIG on those substrates for any
temperature.

Thus, we provide a complete description of the crystal-
lization process from the amorphous phase for YIG on GGG,
YAG, and arbitrary substrates such as SiOx, which allows us

to define the range in which crystalline YIG thin films can be
obtained.
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